We present a systematic theoretical study of several III-nitride 110 surfaces based on accurate, parameter-free, self-consistent total energy and force calculations using the density functional theory, the generalized gradient approximationGGA for the exchange-correlation term, and the Full Potential Linear Augmented Plane Wave FPLAPW approach associated with the slab supercell model. We studied AlN, BN, GaN and InN and analyzed the theoretical trends for the equilibrium atomic structures and surface band structures. We used supercells built up of 7 atomic layers and a vacuum region equivalent of 5 atomic layers. For the Ga and In species, the 3d and 4d electrons were treated properly as valence electrons. In connection with the atomic structures, we are concerned with the LEED parameters 1?, 1x, 2? , d12?, d12x and ! for the 110 surface. We analyzed the changes in the bond-lengths and in the bond-angles at the anion and cation sites. We conclude that similarly to the III-arsenide 110 and III-phosphide 110 surfaces, the III-nitride 110 surfaces relax such that the cation-surface atom moves inward and the N-surface atom moves outward. The large Coulomb energy of the III-nitrides as compared with the other III-V compounds re ects in the smaller value of the tilt angle ! and in the small value of 1?. T o our knowledge, this is the rst time the FPLAPW method is used for such a systematic study of III-nitrides, and we compare our results with recent results obtained with other approaches as reported in the literature.
I Introduction
The success of crystalline GaN as an electronic and optical material has motivated enormous theoretical efforts in order to understand the properties of the IIInitrides. Although the III-nitrides crystallize in the hexagonal wurzite phase, with the exception of BN, it is possible to grow epitaxially thin lms of GaN, InN and AlN in the zinc-blende structure. In the present w ork we are concerned with the relaxation of the non-polar 110 surfaces which h a ve had contradicting reports in the literature. We report a systematic study of the atomic and electronic structures of the BN, AlN, GaN 
II Theoretical Framework
In the present w ork we use accurate, parameter-free, self-consistent total energy and force calculations using the DFT, the generalized gradient approximationGGA for the exchange-correlation function 7 , and the FPLAPW approach associated to the slab supercell model 8 . We use slabs consisting of seven 110 planes. The lattice constants were xed at the bulk theoretical equilibrium values, a 0 = 3.627 A, 4.406 A, 4.554 A, 5.069 A, for BN, AlN, GaN and InN, respectively 9 . We used vacuum regions with a thickness equivalent to ve atomic layers. This choice should be adequate for minimizing the interaction between contigous surfaces. The central layers of the slab were kept xed at the bulk positions and the outermost layers of atoms on both sides of the slab were relaxed to geometries given by the calculated total energies and forces. The equilibrium geometry is identi ed when all forces are smaller than 0.02 eV A. This corresponds to a numerical uncertainty of atomic positions of less than 0.05 A. The mu n-tin radii used were 1.29 a.u., 1.55 a.u., 1.70 a.u. and 1.90 a.u. for the BN, AlN, GaN and InN surfaces, respectively. In each case, the mu n-tin radii were the same for the cation atoms and the nitrogen atoms. The number of the plane waves were determined by R MT,max K max = 8 in all calculations. With this choice of the cut-o wave v ector, the self-consistent total energy converged within 10 ,4 eV. The cut-o angular momentum was`= 10 for the wave function inside the spheres and`= 4 for the computation of non-mu n-tin elements. The summation over four Monkhorst-Pack 10 special k-points in the irreducible part of the Brillouin-zone was used to replace Brillouin-zone integrations. The Ga-3d and In-4d electron states were treated explicity as part of the valence band states in order to take i n to account the hybridizations between Ga-3d and In-4d and N-2s states. The parametrization for the GGA approximation was taken from Perdew et al 11 .
III Results and Discussion
In Table I we display the structural parameters for the relaxed surfaces as de ned in Fig.1 . The surface relax in such a w ay that the cation-atom moves inward tending to a planar threefold coordination with its N-atom neighbours and the uppermost N-atom moves outward into a corresponding pyramidal con guration with its three cation neighbours. It has been claimed that the III-nitride 110 surfaces have anomalous relaxations when compared to the traditional III-V 110 surfaces due to the small tilt angles found in the calculations 6 . However, based on the present and on previous calculations 12, 13 , w e think that the driving mechanism of the relaxation can still be attributed to the early one suggested by S w arts et al. 14 in connection with the GaAs110 surface, and analyzed in detail for GaAs, GaP, InAs and InP 110 surfaces in 12 : the surface group V atom changes into a more p-like congurationthe angle tends to be close to 90 o and the surface group III atom changes into a more sp 2 -like con guration with respect to their bulk sp 3 conguration. In this way the top layer geometry lies between the bulk geometrytetrahedral bonding with the angles = = 109:5 o and the geometry obtained by putting the cation and the anion in their respective small molecule con gurations, e.g. the planar GaH 3 molecule with 120 o bond angle and the pyramidal AsH 3 molecule with 92:1 o bond angles, thus close to 90 o . Table I : Structural parameters for the surface relaxation as de ned in Figure 1 . The change of the cation-anion distanceslabeled c i a j b e t ween neighbouring atoms in the rst layeri; j = 1 of our slabs is given in the last column. In Table II we show the bond angles obtained in our present calculations for the III-nitrides. The angle is bigger in the III-nitrides than in the traditional III-V compounds 12 , but one still can see that it tends to 90 o along the series and the angle tends to 120 o . These features can be understood if one considers the rehybridization e ects being opposed by the repulsion between the chemical bonds and the ionic character of these bonds. For the more ionic zinc-blende semiconductors the attractive Coulomb forces between the outward relaxed surface anions and the inward relaxed surface cations should reduce the relaxation caused by the covalent forces. In this connection we like to follow Kasowski et al. 15 in order to have a n o verall way to compare the behaviour of di erent compounds. In Table II we compare the trends of the tilt angle !, the perpendicular displacement 1? , the angles , and with the trend of the Coulomb energy Ze 2 a0 , where a 0 is the zinc-blende theoretical lattice constant, Z is the longitudinal e ective c harge 16 , e is the electron's charge, and is the dielectric constant. As can be seen from the Table II the various relaxation parameters follow the expected trend of the Coulomb energy. F or instance the angle decreases, getting closer to 90 o , when the Coulomb energy decreases. The larger Coulomb energy of the III-nitrides compared to the other III-V compounds re ects in its big value of the angle, the small value of the tilt angle !, and in the small value of 1? . Similar analysis has been done by Alves et al. in connection to II-VI compounds 13 . In the Table III we compare our results to other calculations based on the local density approximationLDA to the DFT and we can see that the overall agreement i s v ery good. However, one should note that our results based on the GGA approximation are larger than those based on the LDA approximationsee Ref. A more detailed analysis of the electronic states and their connection to the atomic structure of the surface is in progress and will come up soon in another publication.
IV Conclusions
We h a ve presented well-converged ab initio calculations of the equilibrium atomic and electronic structures for the 110 surfaces of III-nitrides, based on the Full Potential Linear Augmented Plane Wave method. To our knowledge this is the rst time that such a systematic calculation has been done using the FPLAPW method and the GGA approximation. The relaxation geometric parameters obtained for the III-nitrides are smaller than those for the other III-V and II-VI compounds. This can be understood as a manifestation of the ionic forces counteracting the covalent forces in the rearrangements at the surfaces, as can be inferred by analyzing the Coulomb energy trend along the series. Still, we think that the "small-molecule" model 14 is a good one to understand the surface rearrangements, if the ionic forces are taken into account.
